Lipoxygenases are a family of enzymes which dioxygenate unsaturated fatty acids, thus initiating lipoperoxidation of membranes and the synthesis of signaling molecules. Consequently, they induce structural and metabolic changes in the cell in a number of pathophysiological conditions. Recently, a pro-apoptotic effect of lipoxygenase, and of the hydroperoxides produced thereof, has been reported in different cells and tissues, leading to cell death. Anti-apoptotic effects of lipoxygenases have also been reported; however, this has often been based on the use of enzyme inhibitors. Here we review the characteristics of the lipoxygenase family and its involvement in the initiation of oxidative stress-induced apoptosis. Finally, we discuss the role of lipoxygenase activation in apoptosis of animal and plant cells, suggesting a common signal transduction pathway in cell death conserved through evolution of both kingdoms. Cell Death and Differentiation (2001) 8, 776 ± 784.
The lipoxygenase family Lipoxygenases (linoleate:oxygen oxidoreductase, EC 1.13.11.12; LOXs) are a family of monomeric non-heme, non-sulfur iron dioxygenases, which catalyze the conversion of polyunsaturated fatty acids into conjugated hydroperoxides. The unsaturated fatty acids, which are essential in humans, are absent in most bacteria and thus LOXs are also absent in typical prokaryotes. LOXs are widely expressed in animal and plant cells, sometimes at high level, and their activity may initiate the synthesis of a signaling molecule or may induce structural or metabolic changes in the cell. Mammalian lipoxygenases have been implicated in the pathogenesis of several inflammatory conditions such as arthritis, psoriasis and bronchial asthma. 1 They are also thought to have a role in atherosclerosis, brain aging, HIV infection, kidney disease and terminal differentiation of keratinocytes. In plants, lipoxygenases favor germination, participate in the synthesis of traumatin and jasmonic acid and in the response to abiotic stress. 2 The phylogenetic tree shows that plant and animal LOXs are separate branches, each forming several subgroups. 3 When arachidonic (eicosatetraenoic, C20:4; ETE) acid is the substrate, different LOX isozymes can add a hydroperoxy group at carbons 5, 12 or 15, and therefore they are designated 5-, 12-or 15-lipoxygenases. Linoleic (octadecadienoic, C18:2; OD) acid and linolenic (octadecatrienoic, C18:3; OT) acid are also substrates of LOXs. Soybean (Glycine max) lipoxygenase-1 (LOX-1) is a 15-lipoxygenase widely used as a prototype for studying the homologous family of lipoxygenases from tissues of different species, both in structural 4 and kinetic 5 investigations.
The primary sequence and three dimensional structure of LOX-1 have been determined, showing that it is an ellipsoid of 90 by 65 by 60 A Ê , with 839 amino acid residues and a molecular mass of 93840 Da. 3 LOX-1 is made of two domains: a 146-residue b-barrel at the N-terminal (domain I) and a 693-residue helical bundle at the C-terminal (domain II). The iron-containing active site is in the center of domain II, liganded to four conserved histidines and to the carboxyl group of the C-terminal conserved isoleucine. It can be reached through the two cavities (I and II), as shown in Figure 1 . Cavity I presents an ideal path for the access of molecular oxygen to iron, whereas cavity II can accommodate arachidonic acid or even slightly larger fatty acids. Mammalian lipoxygenases lack the N-terminal domain present in LOX-1 and related plant lipoxygenases, thus showing smaller molecular mass (75 ± 80 kDa compared to 94 ± 104 kDa in plants). The N-terminal domain in LOX-1 makes only a loose contact with the C-terminal domain; this may be dispensable for plant lipoxygenases, because all the amino acid side chains responsible for catalysis are located in the C-terminal domain. However, limited proteolysis experiments indicated that the two domains are instead tightly associated, and that domain ± domain interactions play a role in the reversible unfolding of LOX-1, through ionic interactions. LOX-1 is usually in the inactive Fe 2+ form and oxidation to the active Fe 3+ enzyme is required for catalysis. Substrate dioxygenation by LOX-1 can be explained by two different mechanisms, indicated as free-radical' and`organoiron' respectively, both compatible with the iron coordination in the active site (Figure 2A) . They explain in different ways the C-H bond cleavage of the substrate, which is the rate-limiting step of the overall dioxygenation reaction. 3 The free radical mechanism assumes an involvement of Fe in the (stereospecific) hydrogen abstraction from the methylene group in the pentadiene system of the substrate, yielding a free radical intermediate. The hydrogen removal implies the reduction of Fe 3+ to Fe 2+ ( Figure 2B ). The organoiron hypothesis involves concerted deprotonation, catalyzed by a basic group (B) in the active site and electrophilic attack of Fe on the substrate, without any formal change in the iron oxidation state ( Figure 2C ).
In mammals, most work has been done on 5-lipoxygenase (arachidonate:oxygen 5-oxidoreductase, EC 1.13.11.34; 5-LOX), which is found primarily in polymorphonuclear leukocytes, macrophages and mast cells, where it plays a central role in cellular leukotriene synthesis. The interaction of human 5-LOX with cellular proteins has been recently investigated through the two-hybrid approach, 6 showing that this enzyme binds to proteins as different as a coactosin-like protein (an element of the cytoskeleton), a transforming growth factor (TGF) type b receptor-Iassociated protein 1 (involved in TGF signaling), and a hypothetical helicase (a DNA metabolizing enzyme). Complex protein-protein interactions have been demonstrated in nuclear membrane translocation, activation and substrate binding by 5-LOX in intact cells. 3 In fact, cell activation by different stimuli results in translocation of 5-LOX to the nuclear membrane, where it associates with à 5-LOX activating protein' (FLAP), an 18 kDa integral membrane protein which acts as an arachidonic acid transfer protein and is essential for full leukotriene biosynthesis. FLAP shows homology with leukotriene C 4 synthase and other microsomal glutathione transferases, but no enzymatic activity itself. Initially, FLAP was believed to be localized at the outer cell membrane, but later it became clear that it is associated with the nuclear envelope. Thus, arachidonic acid released from the nuclear membrane of leukocytes, and presented to 5-LOX by FLAP, may be the substrate for leukotriene synthesis. 3 Recently, growing evidence has accumulated suggesting that FLAP can have effects independent of 5-LOX. 7 Also regulatory, nonenzymatic activities of 5-LOX have been Figure 1 Schematic diagram of the three-dimensional structure of soybean (Glycine max) lipoxygenase-1, showing the small N-terminal domain I and the large Cterminal domain II. The iron-containing active site is located in domain II, and can be reached by molecular oxygen through cavity I and by arachidonic acid through cavity II. The b-sandwiches are represented in yellow, the a-helices in blue, the random coils in gray and the iron in red. The three-dimensional structure was modeled through the MOLSCRIPT program, using the lipoxygenase-1 sequence (PDB accession number: 2SBL) reported, made possible by an Src homology 3 (SH3) binding motif, which enables the interaction with growth factor receptor-bound protein 2 (Grb2) and cytoskeletal proteins. 6 In this line, a possible interaction of 5-LOX with the nuclear factor-kB (NF-kB) complex seems to indicate that 5-LOX protein might also indirectly influence gene transcription. 6 The ability of 5-LOX to enter the nucleus supports its regulatory role on the transcription process, though possible nonenzymatic functions of 5-LOX protein wait to be investigated.
Lipoxygenase involvement in apoptotic pathways
LOX products have been shown to induce PCD in human T cells, 8 24, 28 and have indicated molecular targets for lipoxygenase interaction able to contribute to the induction of apoptosis (Table 2 and references therein). However, also anti-apoptotic effects of LOXs have been reported, mainly based on the observation that LOX inhibitors, most often nordihydroguaiaretic acid (NDGA) and MK886, had pro-apoptotic activity. 30, 35, 37, 38 Interestingly, in other cellular types NDGA or MK886 protected against apoptosis, 12 ± 15,21,28,36 or induced PCD in cell types completely devoid of LOX activity. 7, 32, 39 In this context, it should be recalled that most of the LOX inhibitors used in PCD studies, including NDGA, act by reducing the active Fe 3+ enzyme to the inactive Fe 2+ form ( Figure 3 ). NDGA also blocks voltageactivated calcium currents, inhibits P450 monooxygenase activity and acts as a general radical scavenger. 12 On the other hand, MK886, which inhibits 5-LOX by blocking FLAP, can also induce PCD via a caspase-3-dependent pathway which is related to bcl-x L but unrelated to 5-LOX. 7 Recently, MK886 has been found to be effective as PCD inducer at doses 100-fold higher than those required for 5-LOX inhibition, in a human cell line which lacks FLAP and its mRNA. 7 Resveratrol, an alleged natural cancer preventive agent present in red wine, 40 has been shown to inhibit PCD induced by unrelated stimuli in human erythroleukemia K562 cells, through competitive inhibition of 5-LOX and 15-LOX activity. 41 However, resveratrol is a general antioxidant which also inhibits nonenzymatic lipoperoxidation and cyclooxygenase activity 41 and acts as an agonist for the estrogen receptor. 42 Finally caffeic acid, which prevents apoptosis linked to 5-LOX activation, 15 is a LOX inhibitor with general antioxidant properties, 43 much like the 5-LOX inhibitor atocopherol. 44 In a recent investigation, we sought to overcome the problem of the specificity of LOX inhibitors, by treating human cells with physiological concentrations of the hydroperoxide products generated by the main mammalian lipoxygenase isozymes: 5-, 12-and 15-hydroperoxyeicosatetraenoic acids (5-, 12-and 15-HPETE), 13-hydroperoxyoctadecadienoic acid (13-HPOD) and 13-hydroperoxyoctadecatrienoic acid (13-HPOT). The structure of these hydroperoxides is shown in Figure 4 . We demonstrated that all these hydroperoxy fatty acids are fully capable of eliciting apoptotic bodies formation, both in human erythroleukemia and neuroblastoma cells. 13 The most active compound is that generated by 5-lipoxygenase from arachidonate (5-HPETE), followed by 13-HPOT, 15-HPETE, 9-HPOT, 9-HPOD, 13-HPOD and 12-HPETE. In this context, it should be recalled that mammalian cells can reduce the lipid hydroperoxides (LOOH) to the purportedly less toxic hydroxides (LOH), in a reaction requiring glutathione (GSH) and catalyzed by glutathione peroxidase:
Therefore, depletion of intracellular GSH might enhance hydroperoxide-induced PCD, by analogy with other apoptotic pathways such as that induced by Fas. However, we found that apoptosis induced by LOX products was independent of intracellular GSH, and that the hydroxides derived by reduction of the LOX hydroperoxy products were as effective in inducing PCD as the corresponding peroxides. These findings are at variance with previous reports that some lipoxygenase products (namely, 12-and 15-HETEs, but not their metabolic precursors 12-and 15-HPETEs) may protect cells, whereas others (namely, 5-HETE) are toxic. 30, 38 Unlike the hydro(pero)xides, the terminal products of the LOX pathway (leukotrienes) are not cytotoxic. 33 Moreover, neither RNA nor protein synthesis appear to have a role in lipid hydro(pero)xide-induced PCD, which instead is paralleled by an increase (within seconds) in intracellular calcium, 33 extending previous observations on unrelated models of PCD. 21, 35, 46 The mechanism of the hydroperoxide-induced calcium increase is not due to an increase in permeability of the plasma membrane, since calcium was absent in the extracellular medium. Most probably, the hydro(pero)xides may stimulate the release of calcium from mitochondrial and endoplasmic stores. 8 This hypothesis is in agreement with the observation that they are also able to uncouple mitochondria within hours. 33 It is noteworthy that 15-LOX activity can dioxygenate mitochondrial membranes, leading to formation of pore-like structures observable by electron microscopy also in membranes of endoplasmic reticulum, thus initiating programmed organelle disruption. 47 On the other hand, the role of mitochondria as key players in death programmes is well established, 48 yet the mechanisms responsible for the release of mitochondrial components which affect apoptosis remain obscure. 49 Here, we sought to assess whether lipoxygenase activity might cause mitochondrial damage associated to apoptosis. We isolated mitochondria from human erythroleukemia K562 cells, and studied the effect induced by LOXs on: (i) the oxidative index of membranes, a marker of lipoperoxidation; (ii) the dissipation of mitochondrial membrane potential; and (iii) the release of cytochrome c, using specific anti-cytochrome c monoclonal antibodies in the Figure 4 Hydroperoxides generated by different lipoxygenases (LOXs) with arachidonic, linoleic or linolenic acids as substrates. The hydroperoxides can be reduced to the corresponding hydroxides by cellular glutathione peroxidases, which concomitantly convert reduced glutathione (GSH) to its oxidized form (GSSG). Asterisks mark the hydro(pero)xide position in 9-H(P)OD and 9-H(P)OT enzyme-linked immunosorbent assays. 50 Mitochondria were treated with pure soybean lipoxygenase-1, which is a 15-LOX widely used as a prototype for studying the structural and kinetic properties of mammalian lipoxygenases. 3 ± 5 We found that treatment of mitochondrial suspensions with amounts of soybean 15-LOX within the physiological range, 47 dose-dependently increased the oxidative index (up to threefold over the control) and the uncoupling of mitochondria (up to eightfold over the control), both indicative of the disruption of membrane integrity ( Figure  5A ). Remarkably, incubation of mitochondria with 15-LOX caused also a dose-dependent release of cytochrome c (up to fivefold over the control), a critical trigger of apoptosis induced by several unrelated stimuli. 51 The lipoxygenase inhibitors eicosatetraynoic acid (ETYA) and n-propyl gallate (nPG) fully prevented these effects of 15-LOX (Figure 5A ), corroborating the previous observation that they block 15-LOX-dependent formation of pore-like structures in endoplasmic reticulum membranes. 47 On the other hand, cyclosporin A, a mitochondrial permeability transition pore inhibitor, 49 was ineffective ( Figure 5A ), suggesting that opening of this type of pores did not contribute to mitochondrial membrane disruption by 15-LOX. We extended the study to the other available LOX isozymes, incubating mitochondrial suspensions under the same experimental conditions as those used with soybean 15-LOX. We found that rabbit reticulocyte 15-LOX was more effective than the soybean enzyme, whereas barley (Hordeum vulgare) 5-LOX was as effective and human platelet 12-LOX was less effective than soybean 15-LOX ( Figure 5B ).
Taken together, the present results suggest that lipoxygenases, in the order 15-LOX45-LOX412-LOX, are able to disrupt mitochondrial integrity and to trigger cytochrome c release, thus giving a biochemical ground to the observation that activation of these enzymes is critical in different models of apoptosis (Table 1) . It can be suggested that LOXs, by introducing molecular oxygen into the fatty acid moieties of (phospho)lipids and thus increasing membrane lipoperoxidation ( Figure 5 ), can alter fluidity and permeability of biomembranes. These modifications might be the basis for the formation of pore-like structures in membranes, 47 which cause dissipation of the mitochondrial potential and favor cytochrome c release ( Figure 5 ). Remarkably, this LOX-mediated disruption of mitochondrial integrity represents a controlled mechanism, which might allow the`delicate' (i.e., without severe damage of structure and function) release of cytochrome c observed in various models of apoptosis. 51 In conclusion, we suggest that activation of LOXs might be a means to disrupt the integrity of mitochondria and to allow the release of pro-apoptotic proteins from these organelles. Further work should be aimed at ascertaining whether the effects of LOX on mitochondria can be inhibited by Bcl-2 family members. 52 This information would be of great value for understanding more general aspects of the release of apoptotic factors from mitochondria and, for example, the relationship with the permeability transition. In this line, it may be worth reminding that lipoxygenase activation has been shown to affect also cytoskeleton organization and protein phosphorylation, 6 which can be instrumental in promoting PCD. In fact, we have previously shown that LOX activation is an early event along different apoptotic pathways, and occurs several hours before any typical sign of apoptosis at nuclear level. 15, 53 Furthermore, early LOX Figure 5 (A) Dose-dependence of different mitochondrial parameters on the amount of soybean 15-lipoxygenase (15-LOX). Suspensions of mitochondria (200 ml/test) were incubated for 3 h at 258C, and controls were treated with incubation buffer alone (140 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 1.8 mM CaCl 2 , 10 mM glucose, 0.1% bovine serum albumin, 15 mM HEPES, pH 7.4). Lipoxygenase inhibitors eicosatetraynoic acid (EYTA, 10 mM) and n-propyl gallate (nPG, 100 mM), and permeability transition pore inhibitor cyclosporin A (CycA, 10 mM), were added to the mitochondrial suspensions at the same time as 15-LOX. 53 thus representing the first biochemical difference between the initiation of apoptosis and that of necrosis so far described.
Overall, physical (UV-light) or chemical (drugs, oxidative stress, serum starvation) induction of PCD, as well as apoptotic pathways mediated by receptors such as CD28, interleukin receptor or Fas, have been shown to involve LOX activation, which in turn is accompanied by modifications of: (i) membrane properties (lipoperoxidation, exposure of phosphatidylserine, increased levels of cholesterol and consequent altered Ras expression, generation of free hydroperoxides); (ii) cytoskeleton (at the level of coactosinlike protein, lamins, Gas 2 and a-fodrin), and (iii) gene transcription (through NF-kB, poly(ADP-ribose) polymerase and reactive oxygen species). We could therefore hypothesize a model of`Redox Stress Sensor', depicted in Figure 6 . LOX activity generates toxic intermediates (such as hydroperoxides and superoxide anions), which lead to apoptosis by increasing membrane fluidity and permeability, intracellular calcium concentration, mitochondrial uncoupling and cytochrome c release. The intracellular level of glutathione, regulated by N-acetylcysteine, counteracts the effect of LOX activity, also by possibly promoting detoxification of its intermediates. The equilibrium between LOX and glutathione might interfere with the intracellular level of reactive oxygen species. Collectively, the balance between these elements, and the status of the membranes, will finely tune the sensitivity of the cell to resist to redox stresses or to die.
Plant lipoxygenases and apoptosis
In plants, PCD has been associated to various phases of development and senescence, germination, and response to cold or salt stress. 54 A type of PCD of particular interest has been observed during the plant response to pathogen attack, that was termed`hypersensitive response (HR)'. 17, 54 Signal transduction pathways are activated during HR, leading to biosynthesis or release of potential antimicrobial effector molecules, which are thought to contribute to both host and pathogen cell death. 54 Among other signals, rapid generation of reactive oxygen species has been implicated in HR of plants against pathogens. 17 In particular, hydrogen peroxide has been shown to be a crucial component of the HR control circuit, since a short pulse of exogenous H 2 O 2 is sufficient to activate the hypersensitive cell death program in soybean cells. 17 A similar HR has been observed also in bean, 16 pepper 18 and tobacco 19 leaves, infected with different pathogens. Interestingly, LOX activation has been associated to HR, 18, 19 and H 2 O 2 oxidative stress has been shown to induce animal cell apoptosis, through activation of 5-LOX. 15 Recently, we have used oxidative stress by exogenous H 2 O 2 to investigate whether LOX activation was a cause rather than an effect of plant cell apoptosis. Lentil (Lens culinaris) lipoxygenase has been characterized, cloned and expressed in Escherichia coli, 55 therefore lentil root protoplasts (LRP) were chosen as a model. It was shown that the early phase of hydrogen peroxide-induced apoptosis is characterized by enhancement of lipoxygenase activity, attributable to up-regulation of gene expression at both transcriptional and translational level. The increase of lipoxygenase was paralleled by an enhancement of ultraweak luminescence, a marker of LOX-related membrane lipid peroxidation. 20 These findings suggest that lipoxygenase activation might contribute to membrane peroxidation during hydrogen peroxide-induced CPD, resembling previous observations on animal cells. 15 NDGA protected LRP against H 2 O 2 -induced DNA fragmentation and ultraweak luminescence. However, in view of the lack of specificity of this LOX inhibitor, we also used inhibitory anti-LOX monoclonal antibodies, able to block LOX activity in LRP without affecting the redox state of the cell. 20 These antibodies, too, protected LRP against H 2 O 2 -induced PCD, whilst the specific products of LRP lipoxygenase, 9-HPOD and 13-HPOD, were able per se to induce DNA fragmentation.
20 Also 9-HOD and 13-HOD, the reduced forms of the LRP LOX products, were able to induce cell death and DNA fragmentation to almost the same extent as the corresponding HPODs, again matching previous observations on human cells. 20 Since similar findings were reported in H 2 O 2 -induced PCD of human cells, these observations suggest that animals and plants share a common signal transduction pathway triggering apoptosis after oxidative stress.
Conclusions
Activation of different LOX isozymes has been shown to be associated to an early phase of apoptosis, triggered by several, unrelated stimuli. Consistently, LOXs and the Figure 6 The`Redox Stress Sensor' model, whereby lipoxygenase (LOX) activity generates toxic intermediates (TI), which lead to apoptosis by (i) increasing membrane fluidity (F) and permeability (P), (ii) elevating intracellular calcium concentration ([Ca] i ), (iii) decreasing mitochondrial membrane potential (DCm), and (iv) increasing cytochrome c (Cyt c) release. The intracellular level of glutathione (GSH), regulated by Nacetylcysteine (NAC), counteracts the effect of LOX activity, also by possibly promoting detoxification of TI to non-toxic species. The equilibrium between LOX and GSH might interfere with the intracellular level of reactive oxygen species (ROS). This picture is further complicated by the ability of LOX to induce directly the events triggered by the toxic intermediates hydro(pero)xides generated by their activity have been shown to induce programmed cell death in different cellular models, through a series of events including an immediate and sustained rise in cytosolic calcium (within seconds), followed by mitochondrial uncoupling and cytochrome c release (within hours). Animal and plant cells share a similar signal transduction pathway able to trigger apoptosis after oxidative stress, based on lipoxygenase activation.
